Background: Encephalitis rates by etiology and acute-phase outcomes for encephalitis in the 21 st century are largely unknown. We sought to evaluate cause-specific rates of encephalitis hospitalizations and predictors of inpatient mortality in the United States.
Introduction
Acute encephalitis is a challenging syndrome to diagnose and manage given the heterogeneity of clinical presentations and the myriad of causative agents. Over the past decade, numerous advances have uncovered novel infectious and autoimmune etiologies of encephalitis. Despite such advances, in large studies more than 50% of encephalitis cases typically remain without an identified etiology, posing additional challenges in delivering prognosis and treatment [1] [2] [3] [4] .
In the United States, encephalitis has been associated with a substantial disease burden and considerable mortality [4] [5] [6] . In the last decade, West Nile Virus has emerged as an important viral cause of encephalitis [7, 8] , the demographics of the HIV/AIDS epidemic have changed dramatically [9, 10] , and there is increasing focus by clinicians and researchers on non-infectious etiologies [11] [12] [13] [14] [15] [16] . Additionally, the general U.S. healthcare environment has evolved and there is increasing scrutiny of patient outcomes [17, 18] . Here, we sought to investigate population-based estimates of encephalitis in the United States between 2000 and 2010 to elucidate the contribution of specific etiologies to the current landscape of encephalitis. In addition, we sought to examine acute-phase outcomes of U.S. encephalitis cases including inpatient death and predictors of mortality.
Methods

Ethics
This study employed anonymized limited datasets provided by the United States Agency for Healthcare Research and Quality (AHRQ) Healthcare Costs and Utilization Project (HCUP) under the terms of a formal data use agreement [19] . This research was approved by the Institutional Review Board of the Johns Hopkins Medical Institutions. Unspecified mosquitoborne encephalitis 062.9
Unspecified tickborne encephalitis 063. 9 
Study Sample
A retrospective study of nationally representative hospital discharges for patients admitted to acute inpatient care for encephalitis between 2000-2010 was performed using the Agency for Healthcare Research and Quality (AHRQ) Healthcare Costs and Utilization Project (HCUP) Nationwide Inpatient Sample (NIS) dataset [19] . The NIS provides a 20% sample of all inpatient hospital discharges and can be weighted to represent the entire U.S. population, which was done for this study. The NIS dataset is a cross-sectional, all-payer, inpatient care dataset in the U.S., consolidated on an annual basis, containing information on approximately 8 million hospitalizations annually from 1,051 hospitals in 45 states. It is the only national hospital database that includes persons covered by Medicare, Medicaid, private insurance, as well as uninsured patients. The sampling frame embodied 95% of all U.S. hospital discharges in 2010. Discharge data provided in the NIS includes patient demographic information as well as information on diagnosis, geographic location, payer status, hospital charges, length of stay, discharge disposition, and inhospital death. Information on hospital characteristics, such as teaching status and bed size, can be matched to individual hospitalizations; however, individual patient identifiers and patient death records are not available.
Encephalitis and Accompanying Diagnoses
Patients admitted to inpatient care with encephalitis were identified using International Classification of Disease, Ninth Revision (ICD-9) diagnosis codes and categorized by etiology ( Table 1) . Patient demographic, hospital and regional variables were obtained from NIS data. The presence of comorbidities and complications were determined using ICD-9 codes. A Charlson comorbidity index score was calculated for each patient to account for a broad range of comorbid illness [20, 21] . The Charlson comorbidity index is a weighted index based on the presence of 17 accompanying diagnoses or comorbid diseases. Each comorbid disease is assigned a weight from 1 to 6; the index is the sum of the weights and can range from 0 to 33. For the purposes of this study, mild was assigned a score of 0, moderate a score of 1, and severe a score greater than or equal to 2.
Missing Data
In general, variables with less than 1% missing data from the sample were evaluated after the exclusion of the missing data points. Missing data that were excluded included that for sex (n = 113), primary payer (n = 75), and hospital location/teaching status (n = 200). Race had 23% missing data due to suppression of the variable by certain states and hospitals within the dataset. Therefore, race was not included as a variable within the primary analysis to avoid the need for a large exclusion or imputation.
Outcomes and Covariates
To evaluate burden of disease, we calculated U.S. hospitalization rates using data from the NIS and the United States Census Bureau (2000-2010) and examined annual trends from 2000-2010. Population-based encephalitis admission rates were studied across sex, age group, and region, both overall and by etiology. Hospitalization rates were additionally evaluated across five-year age groups for a more detailed examination of age distribution by encephalitis etiology.
Encephalitis hospitalizations over the 11-year period were evaluated by admission month in order to examine seasonal distribution of viral and viral ''not otherwise specified'' etiologies. Data on admission month were missing for 8.7% of encephalitis admissions examined and were therefore excluded from the analysis on seasonality. The aggregated analysis summing all seasonal data from 2000-2010 may be limited by the introduction of ICD-9 codes for West Nile Virus in 2004. Therefore, a sensitivity analysis was conducted using only data from 2005-2010.
The primary outcome in this study was in-hospital mortality. Mortality was examined in univariate analysis by various patient characteristics and encephalitis subgroups. Predictors of mortality were assessed using forced entry binary multivariable logistic regression modeling. Covariates included in the final model were sex, age, cancer, HIV/AIDS, Charlson comorbidity index, hospital region and location/teaching status, and etiology. Complications were excluded from the model examining mortality. Primary payer was excluded from the model due to an imbalanced association with age (88% of those $65 years were Medicare enrollees). Race was excluded due to missing data (23%). Unspecified, other viral, other infectious, viral NOS, and causes of encephalitis were excluded from the regression analysis due to heterogeneity or ambiguity of each group (see : Table 1 ). In addition, Toxoplasmic encephalitis was excluded due to 95% concordance with HIV/AIDS.
Statistical Analysis
Descriptive statistics were used to assess encephalitis hospitalization rates by patient characteristics as well as to examine outcomes across several variables. To generate national estimates of encephalitis hospitalizations, frequencies obtained from the NIS were scaled using HCUP discharge weights. Standard errors of estimation were derived from NIS sampling techniques based on NIS strata and hospital sampling units. The x 2 test was used for categorical analysis where applicable. An adjusted Wald test was used to compare number of admissions across seasons and differences in mean values (e.g., length of stay).
For univariate and multivariate analyses, odds ratios and standard errors were calculated for all variables in the model. Significance was set a priori at P,0.05. All statistical tests and analyses were performed using the Stata version 12.0 (StataCorp, College Station, TX).
Results
Study Sample
Between January 1, 2000 and December 31, 2010, nearly onequarter of a million (n = 238,706; 95% CI: 223,114-254,019) patients were admitted to acute inpatient hospital care in the United States with a diagnosis of encephalitis. Approximately 53% of encephalitis patients were female and the average age was 44.8 years (SD = 24.0). Among all encephalitis admissions, 7.7% were found to have comorbid HIV/AIDS while 6.8% had cancer ( Table 2) .
Hospitalization for Encephalitis
At the population level, the overall U.S. encephalitis hospitalization rate from 2000-2010 was 7.3 per 100,000 (95% CI: 7.1-7.6). Trends over the time period were also examined and can be found in Table 3 . Overall encephalitis hospitalization rates increased from 6.6 per 100,000 (95% CI: 6.2-7.0) in 2000 to 7.6 per 100,000 (95% CI: 7.2-8.1) in 2010. Hospitalization rates were highest among females, older adults ($65 years) and infants less than 1 year of age ( Figure 1A) . Across age groups, rates of encephalitis increased steadily from a low of 4.1 per 100,000 at 10-14 years of age and peaked at 15.7 per 100,000 at 75-79 years of age.
Known and unknown causes of encephalitis each accounted for approximately half of all cases (53.1% vs. 46.9%, respectively) ( Figure 1B) . The leading identified cause of encephalitis was known viral, encompassing 25.6% of all admissions. The most common specific etiology was HSV-1/HSV-2 encephalitis, accounting for 13.8% of encephalitis hospitalizations and 21.8% of encephalitis inpatient deaths.
In examining rates by etiology in encephalitis inpatients, there are notable differences between genders and across age groups. Toxoplasmic encephalitis and West Nile Virus were each approximately two-fold more prevalent in males than females ( Table 4) . Other Specified causes, comprised chiefly of immunemediated causes (see : Table 1 ), were more prevalent in the female (1.69; 95% CI: 1.62-1.76 per 100,000) vs. male population (0.82; 95% CI: 0.78-0.86 per 100,000). Toxoplasmic encephalitis was found primarily in middle-aged populations, the human herpes viruses (HSV-1/HSV-2, VZV, and other HHV) more commonly occurred in those at the extremes of age (i.e., age ,1 year and $ 65 years), arboviral and West Nile Virus encephalitis occurred at higher rates in elderly individuals, and enteroviral and postinfectious encephalitis were overrepresented in the pediatric population ( Figure 2 ).
Substantial seasonal variation was observed in patients presenting with viral encephalitis between 2000 and 2010 ( Figure 3A ). Viral NOS cases were also included to determine if seasonal distribution was similar to arboviruses. Arboviral, West Nile Virus, enteroviral, and viral NOS causes exhibited an increase in admissions from July-September ( Figure 3B ). In addition, seasonal increases in West Nile Virus encephalitis extended into the fall months of October and November. While viral NOS causes also demonstrated an increase in October-December in the 11-year aggregate analysis, this increase becomes insignificant Abbreviations: SE = standard error; HIV/AIDS = Human Immunodeficiency Virus/Acquired Immunodeficiency Syndrome; HSV = Herpes Simplex Virus; VZV = Varicella Zoster Virus; HHV = Human Herpesvirus; NOS = not otherwise specified. a) Variables with .1% missing values were included as ''missing'' within the table. Missing sex (n = 113), primary payer (n = 75), and hospital location/teaching status (n = 200) were not shown.
b) The Charlson Comorbidity Index is a weighted index based on the presence of 17 comorbid conditions. Each comorbid disease is assigned a weight from 1 to 6; the index is the sum of the weights for each comorbid condition and can range from 0 to 33. For the purposes of this study, mild was score = 0, moderate score = 1, and severe score $ 2. c) Comorbidities affecting greater than 2% of encephalitis hospitalizations are displayed in the (P = 0.75) in a sensitivity analysis examining years for which West Nile Virus was separately reported (i.e., [2005] [2006] [2007] [2008] [2009] [2010] . Patients admitted to inpatient care stayed an average of 11.260.2 days (Median = 7; IQR = 9). Length of stay increased over the study period from 10.6 days in 2000 to 12.6 days in 2010 (P,0.001). Approximately one in twenty encephalitis admissions resulted in in-hospital mortality (5.6%), with no change in mortality over the study period. During hospitalization, 14.5% of patients required intubation and mechanical ventilation, 9.1% developed sepsis, and 4.5% had aspiration pneumonia, each associated with increased mortality (Table 5) . Unadjusted mortality was lowest for privately insured patients and highest among Medicare patients (3.7% vs. 8.5%, P,0.001). Patients whose primary payer was classified as self-pay, no charge or other experienced a rate of mortality similar to that found among patients covered by Medicaid (5.5% vs. 5.4%, P = 0.784); however, these patients represent a highly heterogeneous group making this result difficult to interpret. Crude mortality by etiology was highest for meningococcal disease (10.3%), other infectious encephalitis (9.3%), HSV-1/HSV-2 (8.9%), and toxoplasmic encephalitis (8.8%).
In multivariable regression, patients with encephalitis and comorbid HIV/AIDS had a more than 50% increased odds of in-hospital mortality compared to those without HIV/AIDS (odds ratio [OR] = 1.70; 95% CI: 1.30-2.22) ( Table 5) . Although toxoplasma infection was excluded from the model due to high collinearity with HIV/AIDS, there was no difference in unadjusted mortality in toxoplasma patients with and without HIV (9.4% vs. 14.1%; P = 0.32). Patients with comorbid cancer had a twofold increase in the odds for adjusted in-hospital mortality compared to those without (OR = 2.26; 95% CI: 1.88-2.71).
In the same multivariable model, compared with those 5-19 years old, individuals $65 years of age demonstrated the greatest risk of mortality (OR = 4.91; 95% CI: 3.53-6.82) while newborns and infants ,1 year old and individuals aged 45-64 years each demonstrated a nearly three-fold higher odds of mortality (OR = 2.66; 95% CI: 1.72-4.11 and OR = 2.41; 95% CI: 1.73-3.34, respectively).
Patients with postinfectious, toxic, and Other Specified causes of encephalitis demonstrated lower odds of inpatient mortality compared with patients suffering from herpes simplex encephalitis (Table 5) . Mortality among patients with other known viral encephalitides (e.g., West Nile Virus, VZV) did not differ Other specified substantially from herpes simplex encephalitis. Although crude mortality for meningococcal encephalitis was high, adjusted mortality did not differ significantly from herpes simplex encephalitides (OR = 1.41; 95% CI: 0.95-2.07; P = 0.09).
Discussion
Our findings demonstrate that the burden of disease associated with encephalitis in the United States, including mortality and associated factors, remains substantial, although demographics have changed from prior decades. The overall rate of hospitalization, 7.3 per 100,000 population, was not different from that reported in the U.S. over ten years earlier [4] , nor did the rate differ from that reported by Vora et al. (2014) [6] ; however, it was higher than reported rates from hospital discharge data in France, Italy, Canada, and Australia [22] [23] [24] [25] . Modest reductions were observed in the mean length of stay and in-hospital mortality compared to findings from the previous decade [4] . However, length of stay for those admitted with encephalitis trended upward across the decade, in contrast to the general trends in the U.S. with respect to other diseases [18, [26] [27] [28] . Viral causes continue to account for the majority of cases in which an etiology is identified, although a substantial proportion of cases are now associated with Other Specified (predominantly autoimmune) causes. As has been the case in numerous studies spanning the last several decades, approximately 50% of cases had a specific etiology assigned [1, 2, 4, [23] [24] [25] 29] .
The reported demographics of hospitalized encephalitis patients in the U.S. are changing. The encephalitis-associated hospitalization rate for females was higher than for males (7.6 female vs. 7.0 male per 100,000 population), while in the previous decade rates were found to be substantially higher in males (6.4 female vs. 8.2 male per 100,000 population) [4] . Several factors likely contribute to this observation. First, hospitalization rates of toxoplasma encephalitis, a disease predominantly of males, has declined with the widespread use of effective antiretroviral treatment for HIV [30] . In addition, hospitalization rates of those with Other Specified causes, in which rates are twice as high in females compared with males (1.7 vs. 0.83 per 100,000 population), have increased. This etiologic group is comprised predominantly of autoimmune encephalitides such as anti-NMDA-receptor encephalitis, which is known to be more common in women [3, 31] . Of note, a trend for increased encephalitis-associated hospitalizations in women was also recently reported in Canada. This increase was attributed largely to an increased incidence of VZV encephalitis among women [25] , which was not observed in our study. Thus, our findings of a change in gender-specific hospitalization rates associated with encephalitis may reflect, in part, increased awareness, diagnosis and coding of autoimmune encephalitides.
The age-specific rates of encephalitis-associated hospitalizations in our study were similar to previous reports, with the exception of meningococcal encephalitis. As in previous studies, we found the highest rates of hospitalization for all-cause and herpes encephalitis at extremes of age [4, 23, 25] . Rates of West Nile Virus encephalitis-associated hospitalizations were lowest in those 19 years of age and under, higher in the 45-64 age group, and highest in those 65 and over, paralleling West Nile Virus national surveillance data collected through the passive surveillance system ArboNET by the Centers for Disease Control and Prevention from 1999-2008 [7] . Unexpectedly, rates of meningococcal encephalitis-associated hospitalizations were as high in those 65 years of age and older (0.09 per 100,000) as those less than 1 year of age (0.07 per 100,000), despite an almost 10-fold lower incidence of overall meningococcal infection in the elderly during a similar study period [32] . Several factors may contribute to the discrepancy between rates of infection and rates of encephalitisassociated hospitalization. Possibilities include increased risk of central nervous system (CNS) disease in elderly individuals infected with meningococcus, as well as increased severity of illness in the elderly resulting in a higher percentage who are hospitalized, supported by the higher case fatality rate among older individuals [32, 33] . Nevertheless, these data suggest that the elderly, in addition to the very young and teenagers, are at risk for severe, invasive CNS meningococcal disease. Improving the timely recognition of this condition in the elderly may accelerate implementation of measures crucial for effective treatment such as earlier antibiotic and supportive therapy, while also prompting initiation of prophylaxis for contacts [34] .
The spatial and temporal patterns of encephalitis-associated hospitalizations suggest that arboviral encephalitis may be underdiagnosed in the U.S. Of the various etiological groups, only viral NOS and arboviral encephalitis demonstrated differential region-specific rates of hospitalization in the following descending order: Midwest . South . Northeast . West (Table 1) . Moreover, examination of the seasonality of hospitalization rates demonstrates a marked similarity between viral NOS Under the base case analysis, July-September for other viral causes and October-December for viral NOS causes were significant (P,.05); however, these were insignificant in the sensitivity analysis (P = .12 and P = .75, respectively). doi:10.1371/journal.pone.0104169.g003 d) The Charlson Comorbidity Index is a weighted index based on the presence of 17 comorbid conditions. Each comorbid disease is assigned a weight from 1 to 6; the index is the sum of the weights for each comorbid condition and can range from 0 to 33. For the purposes of this study, mild was score = 0, moderate score = 1, and severe score $
2.
e) Cancer deaths include both metastatic (30%) and nonmetastatic (70%); crude mortality rates are 15.1% and 14.5%, respectively. doi:10.1371/journal.pone.0104169.t005
and arboviruses (Figure 2) . Rates for both increase slightly in March, with a much larger peak between July and October; this is in sharp contrast to HSV1/2 and several other viruses, whose hospitalization rates do not vary by season. Thus, both regional and seasonality data suggest that a substantial proportion of viral NOS cases may in fact be due to unrecognized arboviruses. These results parallel a recent study in Canada in which seasonal clusters of encephalitis were identified, suggesting that unidentified arboviral agents may underlie undetermined etiologies of encephalitis [25] . Taken together, these findings highlight the need for increased surveillance and improved diagnostic modalities to identify arboviral encephalitis. Until more precise diagnostic tools become available, however, clinicians should take care not to allow external factors to bias their reporting; for example, a diagnosis of viral encephalitis NOS should not be presumed in patients presenting in the fall with unknown cause. Our findings that the extremes of age and multiple comorbidities including HIV/AIDS, cancer, and other medical diseases are associated with increased mortality in encephalitis are in agreement with other studies [2, 8, [35] [36] [37] [38] . Complications including intubation, acute respiratory failure, aspiration pneumonia, and sepsis were strong predictors of mortality in our study, consistent with a study in France of patients with infectious encephalitis [2] . Similarly, in patients with encephalitis of all causes admitted to a critical care unit, intubation, cerebral edema, status epilepticus, and thrombocytopenia predicted mortality [39] . Moreover, we found that several etiologies, including postinfectious and Other Specified groups, were associated with decreased mortality when compared to herpes simplex encephalitis, while meningococcal encephalitis demonstrated the greatest unadjusted mortality. Other infectious agents have also been associated with increased in-hospital mortality compared to herpes encephalitis [2] , although differences in etiologic spectrum preclude a direct comparison with our findings.
This study has several important limitations. All studies which rely on administrative data not originally collected for research purposes are subject to challenges associated with accuracy, granularity and completeness of diagnosis and procedure coding [40] . However, a recent study comparing encephalitis diagnoses in administrative data to prospectively collected data in a cohort of patients with encephalitis demonstrated that, with the exception of rare infectious agents not specifically associated with an available diagnosis code, reasonable concordance between administrative and prospective data existed, supporting the use of administrative data as a limited-cost surveillance tool [24] . In our study, no physiologic information was available beyond that which can be gleaned from ICD-9 codes, and potentially important unreported factors related to prognosis, treatment choice and outcome could not be assessed. More specific diagnostic coding (e.g., autoimmune encephalitis) and linkages with prescription drug databases may improve the quality and broaden the scope of analyses possible with administrative datasets such as the NIS. Also, because the NIS is built upon a weighted sample encompassing approximately 20% of all acute-care hospital discharges annually, our populationlevel estimates may be imprecise because of unmeasured differences in case-mix between NIS participating hospitals and non-participating facilities. This may be especially true for the more rarely reported conditions. In addition, the NIS dataset does not permit the study of individual patient or hospitalization death records, which limits our analysis to mortality of encephalitisassociated hospitalizations, rather than known encephalitis-associated deaths. Individual patient identifiers are not available in the database; therefore, it may be possible for a single patient to be counted twice within the sample, which could lead to overestimation of incidence.
The strength of this report lies in the very large number of patients available for study, which has permitted a comprehensive examination of acute in-patient hospitalizations for encephalitis at the national level across a decade. Our results, which build upon those of previous studies [4, 6] , provide further insight into temporal changes in the etiology of encephalitis. Also, our findings corroborate earlier reports that encephalitis remains an important public health issue and that the burden associated with encephalitis, including patient mortality, has changed little across the past two decades [4, 6] . Despite advances in technology and pharmacology, encephalitis remains challenging to diagnose and difficult to treat. The fact that no etiologic agent or process is identified in 50% of encephalitis patients is troubling and clearly points to the need for further research. In addition, developing more specific and granular diagnostic coding for inclusion in administrative data would improve our ability to understand the epidemiology of encephalitis at the population level. While outcomes beyond hospital discharge could not be examined using the cross-sectional data available for this study, it remains important to develop a more complete understanding of long-term outcomes among encephalitis patients. Our findings will serve as a 21
st Century benchmark for future interpretation of the epidemiology of encephalitis and encephalitis-related in-hospital mortality.
